A ngiotensin II (Ang II), the primary peptide mediating the effects of the renin-angiotensin system, acts at 2 major receptors: type-1 (AT 1 Rs) and type-2 (AT 2 Rs). 1, 2 Ang II actions via AT 1 Rs are well known, but the biological signals transduced through AT 2 Rs have been less clear. Differences in the preferred endogenous Ang peptide agonist for AT 2 Rs compared with AT 1 Rs may be, at least in part, responsible for this gap in knowledge. Systematic analysis of Ang peptide binding characteristics demonstrated a 33-fold higher selectivity of the Ang II heptapeptide metabolite des-aspartyl 1 -Ang II (Ang III) for AT 2 Rs compared with AT 1 Rs. 3 Ang III has now been confirmed as the preferred AT 2 R agonist in several tissues. [4] [5] [6] [7] [8] Within the kidney, Ang III is the predominant endogenous agonist for AT 2 R-mediated natriuresis. [9] [10] [11] [12] Equimolar concentration escalation-response studies in vivo during AT 1 R blockade produced robust natriuretic responses to Ang III but absent responses to Ang II unless aminopeptidase N, the enzyme degrading Ang III to smaller angiotensin peptide fragments, was concurrently blocked. [9] [10] [11] Natriuretic responses to Ang III via AT 2 Rs are largely mediated through inhibition of sodium (Na + ) transport in the renal proximal tubule (RPT) by a nitric oxide (NO)-and guanosine cyclic 3 0 ,5 0 -monophosphate (cGMP)-dependent mechanism. 12 Natriuresis induced by AT 2 Rs is also consistently accompanied by receptor recruitment from intracellular sites to the apical plasma membranes of RPT cells (RPTC), a mechanism that could enable and/or reinforce long-term responses. 13 In experimental animal models, as well as humans, hypertension is characterized by impaired pressure-induced natriuresis. The mechanisms for defective natriuresis are largely unknown. 14, 15 In contrast to normotensive Wistar-Kyoto control rats (WKY), hypertensive 12-week-old spontaneously hypertensive rats (SHR) fail to recruit AT 2 Rs or mount natriuretic responses to Ang III, while the heptapeptide induces AT 2 R translocation and natriuresis in 12-week-old normotensive control WKY. 16 These results support a defect in AT 2 R-mediated natriuresis in SHR. The present study tested whether the defect may predate hypertension by quantifying Ang III-induced natriuretic responses in 4-week-old prehypertensive female and male SHR and control WKY. Furthermore, we tested possible causes for defective natriuresis as either increased Ang III degradation by measuring kidney Ang III levels, or decreased Ang III action by quantifying Ang III-induced AT 2 R translocation to apical plasma membranes and internalization/ inactivation of Na + -H + exchanger-3 (NHE-3) and Na + /K + ATPase (NKA) in RPTCs of WKY and prehypertensive SHR.
Methods
All experimental protocols were approved by the Animal Care and Use Committee at the University of Virginia and performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The authors will make the data and methods and materials used to conduct the research available to any researcher for purposes of reproducing the results or replicating the procedures.
Animal Preparation
The experiments were conducted on 4-week-old female and male WKY and SHR (Envigo) housed in a vivarium under controlled conditions (temperature 21AE1°C; humidity 60AE10%; light 8:00-20:00) and fed a normal sodium (Na + ) diet (0.30% Na + ). For all studies, a 24-hour subcutaneous osmotic mini-pump (Alzet Model 2001D) infusing candesartan (0.01 mg/kg per min) was inserted 24 hours before experimentation in order to block systemic AT 1 Rs. While the rats were under short-term anesthesia with isoflurane, the pumps were implanted in the interscapular region using sterile technique. On the day of experimentation, the rats were anesthetized with Inactin (thiobutabarbital sodium) (100 mg/kg body weight) and a tracheostomy was performed using polyethylene tubing (PE-60) to assist respiration. Direct cannulation of the right internal jugular vein using PE-10 tubing provided intravenous access through which 1% bovine serum albumin made in vehicle 5% dextrose in water (D 5 W) was infused at 20 lL/min. Direct cannulation of the right carotid artery with PE-10 tubing provided arterial access for monitoring mean arterial pressure (MAP). Following a midline laparotomy, both ureters were cannulated (PE-10) to collect urine for the quantification of urine Na + excretion (U Na V).
Renal Cortical Interstitial Infusion
An open bore micro-infusion catheter (PE-10) was inserted under the renal capsule into the cortex of each kidney to ensure renal interstitial (RI) infusion of vehicle D 5 W or pharmacological agent at 2.5 lL/min with a syringe pump (Harvard; model 55-222). Vetbond tissue adhesive (3M Animal Care Products) was added to secure the catheter(s) and prevent interstitial pressure loss in the kidney.
Blood Pressure Measurements
MAP was measured by the direct intracarotid method (see above) with the use of a digital blood pressure (BP) analyzer (Micromed, Inc). MAPs were recorded every 5 minutes and averaged for all periods. Experiments were initiated at the same time each day (10:00 AM) to prevent any diurnal variation in BP.
Pharmacological Agents
Candesartan (Alomone Labs), a specific, potent, insurmount- What Are the Clinical Implications?
• A renal angiotensin type-2 receptor signaling defect may, at least in part, trigger the development of hypertension in spontaneously hypertensive rats and potentially in humans.
Protein Extraction Reagent (Thermo Scientific) buffer with Halt protease and phosphatase inhibitor cocktail (Thermo Scientific) and then centrifuged at 900g for 10 minutes at 4°C to remove cellular debris. The supernatant was removed and used for total protein quantification with a bicinchoninic acid assay (Pierce NKA; Cell Signaling; Cat # 4006; 1:1000). After 3 washes in TBST, membranes were incubated with their respective horseradish peroxidase-conjugated secondary antibodies in 5% milk TBST (GE Healthcare; Cat # NA934V or NA931V; 1:2500) for 2 hours at room temperature (RT). After 3 washes in TBST, signals were detected using chemiluminescence with the ChemiDoc MP Imaging System, and band densities were measured with Image J software (NIH). The membranes were then stripped for 10 minutes (Restore Western blot stripping buffer; Thermo Scientific) and blocked in 5% milk TBST for 1 hour at 4°C. The membranes were then incubated with the primary antibody b-tubulin (Millipore; Cat # 05-661; 1:5000) in 5% milk TBST for 2 hours at RT, followed by the remaining Western procedure as stated above. All signals were normalized to b-tubulin expression.
RPTC Apical Membrane Isolation and Western Blot Analysis
Slices of kidney cortex (%75 mg per kidney) were homogenized (Polytron, setting 6, 395-s pulses) in detergent-free homogenization buffer (10 mmol/L Tris, 200 mmol/L sucrose, 1 mmol/L EDTA, pH 7.4) with Halt protease and phosphatase inhibitor cocktail and then centrifuged at 900g for 10 minutes at 4°C to remove cellular debris. The supernatant was removed and used for total protein quantification with a bicinchoninic acid assay as stated above. One milligram total protein was resuspended in 10 mL detergentfree homogenization buffer and incubated with 20 lg of biotinylated Lotus tetragonolobus agglutinin lectin (Vector Laboratories; Cat # B-1325) on a 360°rocker for 2 hours at RT. A 50% vol/vol slurry (20 lL) of Ultralink Neutravidin beads (Pierce) was then added and incubated on a 360°rocker for 30 minutes at RT. The beads were then pelleted and thoroughly washed with PBS using a microcentrifuge spin cup filter. The L tetragonolobus agglutinin affinity-attached membranes were eluted by incubating the beads in the spin cup filter with 125 lL of 2x sample buffer heated to 70°C for 10 minutes. The samples then underwent the Western blot procedure as described above. The membranes were incubated with the following primary antibodies in 5% milk TBST: AT 2 R (1:500) and NHE-3 (1:15) followed by their respective horseradish peroxidase-conjugated secondary antibodies as described above. The membranes were then stripped for 10 minutes, blocked in 5% milk TBST for 1 hour at 4°C, and incubated with a primary antibody against villin (Santa Cruz; Cat # sc-7672; 1:500) in 5% milk TBST for 2 hours at RT. The remaining Western blotting procedure was the same as stated above. All signals were normalized to the expression of villin, a RPTC brush border membrane marker.
In Vivo Kidney Perfusion and Fixation Procedure
Following the second RI infusion dose of Ang III (7 nmol/kg per min), the rat heart left ventricular cavity was cannulated and the rat was perfused with 20 mL of 4% sucrose in PBS followed by 20 mL of 4% paraformaldehyde in PBS. The kidneys were sliced in half and placed in 4% paraformaldehyde for 2 hours at RT. The slices were rinsed 39 in PBS, immersed in 100 mmol/L Tris-HCl for 30 minutes, and then rinsed 39 in PBS before being stored in 30% sucrose in PBS overnight at 4°C. The next day, the kidney slices were embedded in Tissue Tek OCT Compound in Cryomold vinyl specimen molds, placed at À20°C until frozen, and then stored at À80°C until processing. Cryostat thin sections (5-8 lm) were placed on Probe On Plus positively charged microscope slides through the University of Virginia Research Histology Core and immediately stained.
Confocal Immunofluorescence Microscopy
After the kidney sections had been spotted onto slides and washed with TBS, they were permeabilized with 0.2% Triton-X in TBS or 1% SDS in TBS for 10 minutes. The sections were washed in TBS with 0.02% Tween-20 (TBST) and then blocked in 1% milk TBST or LI-COR blocking buffer for 1 hour at RT. The kidney sections were incubated with primary antibodies in 1% milk TBST or LI-COR blocking buffer overnight at 4°C. After washing with TBST, Alexa 647 conjugated donkey anti-rabbit, Alexa 488 conjugated donkey anti-mouse secondary antibodies (Invitrogen; Cat # A31573 and A21202; 1:500), and/ or Texas-Red phalloidin (Invitrogen; Cat # A12381; 1:200) were added in 1% milk TBST or LI-COR blocking buffer for 1 hour at RT. The following antibody pairs were used in 1% milk TBST after permeabilization with 0.2% Triton-X detergent: 1:100) and AP-2 (1:100). Following secondary antibody incubation, the slices were washed in TBST, Fluoromount G (Southern Biotech) was applied, and the specimens were covered with a glass coverslip. Stained tubules were photographed under epifluorescence illumination using an automated Olympus IX81 spinning disk confocal microscope using a 609 plan apo 5 water immersion objective with a numeric aperture of 1.2. The microscope was controlled using Slidebook 5.5 software (3i, Denver, CO) and 5-lm-thick zstack images were captured using a Hamamatsu EMCCD camera at 0.25-lm intervals and deconvolved using the autoquant spinning disk deconvolution module. Calculation of immunoreactive AT 2 R within the RPTC brush border was conducted using F-actin staining with Alexa 594 phalloidin to create the mask and measuring AT 2 R fluorescence within that region. Calculation of the immunoreactive NHE-3 fluorescence intensity at the subapical region of the RPTC was performed by creating a mask using the AP-2 fluorescence intensity and measuring the NHE-3 fluorescence within that region. The immunoreactive pSer 552 -NHE-3 fluorescence intensity was measured at the subapical region of the RPTC. The immunoreactive a-NKA fluorescence intensity was measured in the intracellular region of the RPTC in the S3 segment of the RPT, 4 lm from the basolateral membrane of each cell. Ten boxes were measured per RPTC. Because of the highly convoluted basolateral membrane in the S1 section of the RPT, the pattern of expression of a-NKA appears to all be internalized and the invaginations cannot be distinguished. Just above the cortical medullary interface, the S3 segment of the RPT was selected for imaging because it has fewer basolateral invaginations. The immunoreactive pSer 23 -NKA fluorescence intensity was calculated as total intercellular fluorescence intensity within the RPTC. For each antibody, quantifications were performed on 20 independent measurements of RPTCs from a rat and averaged.
Ang II and Ang III Extraction from Kidney
For whole kidney tissue Ang II and Ang III measurements, kidneys were immersed in cold methanol (100%), minced, and homogenized with a polytron tissue tearer. The homogenates were centrifuged, and the supernatants from the kidney homogenates were dried overnight in a vacuum centrifuge. The dried residue was reconstituted in 1 mL buffer as described in the Enzyme Immunoassay (EIA) Kit (Phoenix Pharmaceutical, Inc). These samples were applied to phenylbonded solid-phase extraction columns (Bond Elut; Agilent Technologies, Inc) that had been prewashed with 90% methanol followed by water. After sample application, each solid-phase extraction column was washed sequentially with water, hexane, and chloroform. Ang peptides were eluted from the solid-phase extraction column with 90% methanol. 17 The eluates were collected, evaporated to dryness under vacuum, and stored at À20°C. Before injecting samples to high-performance liquid chromatography (HPLC), the retention time and collection interval for Ang II and Ang III were determined after preparation of mobile phase and confirmed daily by injecting 100 pmol of Ang II and Ang III calibrators and determining their elution pattern by monitoring the effluent at 230 nm. To prevent carryover of the calibrators after their injection, we washed the column and the injector valve with 150 and 10 mL, respectively, of wash solution (90% acetonitrile/0.13% HFBA (heptafluorobuteric acid)). Lyophilized kidney samples were resuspended by vortex-mixing after addition of 300 lL equilibration solvent, which included 65% mobile phase A (0.13% HFBA) and 35% mobile phase B (80% acetonitrile/ 0.13% HFBA). Before HPLC, insoluble matter in the resuspension was sedimented by centrifugation. A 200-lL aliquot of supernate was chromatographed by isocratic elution at 1 mL/min on a 2590.46-cm, 5 lm Vydac C18 reverse-phase HPLC column (Advanced Chromatography Technologies Ltd). According to the retention time from high concentration of Ang II and Ang III calibrators, collection time was determined. Ang II eluted at 14 minutes, and Ang III had an elution peak at 16 minutes. During separation of samples, the peaks of Ang II and Ang III could not be observed because of the low amount of Ang peptides. Sample fractions were collected from 13 to 15 minutes for Ang II and from 15 to 17 minutes for Ang III, and evaporated to dryness. The kidney samples and Ang II and Ang III standard fractions were reconstituted in 500 lL enzyme immunoassay buffer. Fifty microliters of standard and sample fractions in duplicate were seeded to an immunoplate, which was incubated with rabbit anti-peptide IgG antibody and a precoated second antibody overnight. This was followed by addition of 25 lL biotinylated peptide, which interacted with streptavidin-horseradish peroxidase to catalyze the substrate solution. The fluorescence intensity is directly proportional to the amount of biotinylated peptide-streptavidin-horseradish peroxidase complex but inversely proportional to the amount of the peptide in standard solutions and samples. The fluorescence intensity was measured by a fluorescence microplate reader as described in the EIA kit. The crossreactivity for Ang II and Ang III measurement is 100%. The minimum detectable concentration is 8.2 pg/g. The intraassay variation was <10% and interassay variation was <15%.
Separation of
We carefully checked for residual peptide after the calibration solutions were used by measuring the residual Ang II and Ang III in the fractions with just vehicle injection. We also compared the sum of Ang II + Ang III with the total immunoreactive Ang II measured in samples not subjected to HPLC separation. There was no evidence that the peptides from the calibration solutions were contributing to the sample values since the sum of Ang II and Ang III never exceeded the values obtained from the samples not subjected to HPLC.
Specific Protocols
Effects of acute intrarenal Ang III infusion on U Na V and MAP in the presence of systemic AT 1 R blockade Effects of acute intrarenal Ang III infusion on RPTC apical plasma membrane AT 2 R and NHE-3 or total cortical homogenate AT 2 R, NHE-3, pSer 552 -NHE-3, a-NKA, and pSer 23 -NKA in the presence of systemic AT 1 R blockade Female rats followed the same procedure as Protocol 1 (Female WKY Control and Ang III and Female SHR Control and Ang III) and N=6 for each condition. Kidneys were harvested at the end of the study and processed for Western blot analysis. In a separate set of animals, a female WKY and SHR rat were perfused separately following the 7 nmol/kg per min Ang III RI infusion period and processed for confocal microscopy.
Effects of acute intrarenal Ang III infusion on renal tissue levels of Ang II and Ang III in the presence of systemic AT 1 R blockade For female rats, the same procedure was followed as for Protocol 1 (Female WKY Control and Ang III and Female SHR Control and Ang III) and N=5 to 8 for each condition. Kidneys were harvested at the end of the study to be processed for Ang II and Ang III peptide levels.
Statistical Analysis
Data are presented as meanAE1 SE. Statistical significance was determined by using 2-way ANOVA followed by multiple comparisons testing with the Student Newman-Keuls test with 95% confidence. Data for RI angiotensin levels were analyzed by paired t test. The level of significance was set at P<0.05.
Results
Effects of Intrarenal Ang III Infusion AE AT 2 R antagonist PD on U Na V and MAP in Female WKY and SHR U Na V ( Figure 1A ) was unchanged in response to vehicle infusion throughout the experiment in control right kidneys of both WKY and SHR (P=NS). In 4-week-old control WKY, U Na V increased immediately in response to 3.5 nmol/kg per min Ang III (P<0.05) and remained elevated (F=5.31; P<0.01) with increasing Ang III infusion rates (7, 14 Effects of Intrarenal Ang III Infusion on U Na V and MAP in Male WKY and SHR
To determine whether the natriuretic response induced by Ang III in WKY rats is sex-specific, we repeated the studies in 4-week-old male SHR and WKY control rats ( Figure 2 ). U Na V was unchanged in response to vehicle infusion throughout the experiment in control right kidneys of both WKY ( Figure 2A ) and SHR ( Figure 2B ) (P=NS). In 4-week-old male control WKY, U Na V dose-dependently increased in response to Ang III 3.5 nmol/kg per min (P=0.06), and 7, 14, and 28 nmol/kg per min (P<0.01, P<0.05, and P<0.01, respectively) compared with control vehicleinfused kidneys (F=9.01, P<0.001). In contrast, 4-week-old SHR did not increase Na + excretion in response to any dose of Ang III intrarenal Ang III infusion. MAP was slightly higher in 4-week-old male SHR compared with 4-week-old male WKY but remained within the normal range throughout the experiment (from control P=NS and between WKY and SHR, F=3.08, P<0.05). Since the responses to intrarenal Ang III infusions were similar for male and female SHR, but female rats may have greater AT 2 R expression, we conducted the remaining studies with females only.
Renal Tissue Levels of Ang II and III in Female WKY and SHR
The lack of a response to Ang III in SHR could be because of accelerated degradation of Ang III. To investigate this possibility, we measured whole kidney Ang II and Ang III levels by HPLC and ELISA assay 17 in a separate set of 4-week-old WKY and SHR ( Figure 3A and 3B, respectively). Baseline whole kidney Ang II and Ang III levels were 162AE29 and 528AE107 pg/g, respectively, in WKY and were 164AE29 and 394AE68 pg/g, respectively, in SHR. In WKY, Ang III infusion increased whole kidney Ang II (P<0.05) and Ang III levels (P<0.01). In SHR, Ang III infusion also increased Ang III levels (P<0.05), but did not increase Ang II (P=NS). In both WKY and SHR, Ang III infusion resulted in far greater increases in renal tissue Ang III compared with Ang II levels (P<0.01 and P<0.05, respectively). Ang III/Ang II ratios in whole kidney tissue were not significantly different in control vehicle-infused SHR and WKY and were augmented to a similar degree by Ang III infusion (P<0.01) in both ( Figure 3C) . A representative chromatogram of Ang II and Ang III peptide separation using HPLC is shown in Figure 3D .
Effects of Intrarenal Ang III on RPTC Apical Plasma Membrane AT 2 R Density in Female WKY and SHR
To determine whether AT 2 R activation induces receptor translocation to the apical plasma membranes of RPTCs of female WKY and SHR, we used confocal immunofluorescence microscopy and Western blot analysis. Figure 4A through 4F demonstrates the subcellular distribution of AT 2 Rs in a representative set of RPTCs from WKY and SHR after intrarenal vehicle or Ang III infusion (7.0 nmol/kg per min) as determined by confocal immunofluorescence microscopy. Figure 4A and 4B depict the RPTC distributions of phalloidin (red) marking the apical brush border and AP-2 marking the subapical region (blue), respectively. Figure 4C demonstrates the cellular distribution of AT 2 Rs using an antibody (Millipore; Cat # AB15554) proven to be specific for AT 2 Rs by immunoblotting AT 2 R-null mouse adrenal glands that normally have a high degree of AT 2 R expression. 18 Figure 4D , and 4E at higher magnification, show the merged phalloidin, AP-2, and AT 2 R images demonstrating that administration of Ang III in WKY induces a subtle color shift in immunofluorescence from red to orange indicating increased AT 2 R density in the apical plasma membrane in response to Ang III in WKY. Figure 4F represents a higher power image of merged AP-2 and AT 2 R images depicting only the brush border area quantified for AT 2 R staining. This panel demonstrates a substantial increase in AT 2 R immunofluorescence staining in the RPTC apical plasma membrane of WKY in response to Ang III. In contrast, Figure 4F shows no change in AT 2 R density in response to Ang III in SHR. Figure 4G shows the quantitative increase in relative AT 2 R fluorescence units in response to Ang III (P<0.01) in WKY but not in SHR. As further corroborated by Western blot analysis ( Figure 4H and 4I), Ang III increased apical plasma membrane AT 2 R density (P<0.01) in WKY without changing total cortical homogenate AT 2 R protein expression. In contrast, in SHR apical plasma membrane AT 2 R density did not change in response to intrarenal Ang III infusion. AT 2 R expression was similar in WKY and SHR kidneys during vehicle infusion ( Figure 4I ).
Effects of Intrarenal Ang III on RPTC NHE-3 Apical Plasma Membrane Retraction and Cellular Internalization in Female WKY and SHR
To determine whether AT 2 R activation with Ang III induces natriuresis by internalizing/inhibiting RPTC Na + apical membrane transporter NHE-3, we performed immunofluorescence microscopy and Western blot analysis. Figure 5A through 5F demonstrates the subcellular distribution of NHE-3 as determined by confocal immunofluorescence microscopy from a representative set of WKY and SHR RPTCs after intrarenal vehicle or Ang III infusion (7.0 nmol/kg per min). Figure 5A depicts RPTC autofluorescence (blue) and Figure 5B and 5C depict AP-2 (green) and NHE-3 (red), respectively. Figure 5D and 5E show merged and higher power images of Figure 5A through 5C, respectively. Figure 5F shows a higher power image of autofluorescence and NHE-3 staining depicting only the subapical region quantified for NHE-3 staining. In Figure 5F , WKY, but not SHR, demonstrate increased subapical NHE-3 density in response to Ang III. In Figure 5G , quantification of results shows relative subapical NHE-3 fluorescence units are increased in WKY (P<0.05) but not in SHR (P=NS). In Figure 5H , Western blot analysis demonstrates a reduction in RPTC apical plasma membrane NHE-3 density in response to Ang III infusion in WKY, but there is no change in apical membrane NHE-3 density in response to Ang III in SHR. Figure 5I shows that total cortical homogenate NHE-3 expression did not change in response to Ang III in either WKY or SHR. However, total cortical NHE-3 was significantly higher in SHR compared with WKY (P<0.01).
Effects of Intrarenal Ang III on RPTC Phosphorylated NHE-3 Cellular Internalization in Female WKY and SHR
Phosphorylation of NHE-3 (pNHE-3) at serine 552 (pSer 552 -NHE-3) after activation of cyclic adenosine monophosphate (cAMP)-dependent protein kinase A is required for maximum inhibition of NHE-3, because mutation of this amino acid reduces the inhibitory effect on NHE-3 by cAMP. 19, 20 Consequently, pNHE-3 is considered a marker of NHE-3 retraction/internalization and inactivation. 21, 22 The subcellular distribution of pSer 552 -NHE-3 is shown in Figure 6 . Figure 6A through 6F show representative confocal micrographs and Figure 6G shows quantitative fluorescence intensity for pSer 552 -NHE-3. Figure 6A through 6C demonstrates RPTC autofluorescence, phalloidin (marking apical plasma membranes), and pSer 552 -NHE-3, respectively. As shown in merged Figure 6D , in WKY Ang III infusion increased pSer 552 -NHE-3 density in the subapical region of the RPTC. This Ang III-induced increase in pSer 552 -NHE-3 density is best visualized in Figure 6F , a high-power view of the boxed area in Figure 6E . There was no change in pSer 552 -NHE-3 in response to Ang III in SHR ( Figure 6F ). As shown in Figure 6G , Ang III increased the relative pSer 552 NHE-3 fluorescence intensity (P<0.01) in RPTC subapical regions of Ang III-infused WKY, but there was no change in response to Ang III in SHR (P=NS). In total cortical homogenate ( Figure 6H ) Ang III increased pSer 552 -NHE-3 (P<0.01) in WKY, but not in SHR (P=NS). Figure 6I depicts the ratio of total cortical homogenate pSer 552 -NHE-3/NHE-3 protein expression obtained by Western blot analysis and demonstrates a significant increase in Ang III-infused WKY (P<0.01), but not SHR kidneys.
Effects of Intrarenal Ang III on RPTC NKA Basolateral Membrane Retraction and Cellular Internalization in Female WKY and SHR
To ascertain that AT 2 R activation with Ang III also induces natriuresis by internalizing/inhibiting RPTC Na + basolateral membrane transporter NKA, we performed immunofluorescence microscopy and Western blot analyses for a-NKA (Figure 7) . Figure 7A through 7C show RPTC autofluorescence (blue), apical plasma membrane marker phalloidin (red), and a-NKA (green), respectively. a-NKA localizes mainly to the RPTC basolateral membrane in vehicle-infused WKY (merged Figure 7D) , and is internalized in response to Ang III. In vehicle-infused SHR, a-NKA is distributed largely in the basolateral membrane and the distribution is unchanged after Ang III infusion. NKA internalization can be best appreciated in high-power views of merged a-NKA and phalloidin images ( Figure 7F ). a-NKA staining was measured within the small boxes in Figure 7F that were placed 4 lm from the basolateral membrane to ensure measurements of intracellular a-NKA. For a more detailed explanation of quantitation analysis, please see the Methods section. As quantified in Figure 7G , in WKY Ang III induced a higher intracellular a-NKA density compared with vehicle-infused controls (P<0.01), but not in SHR. Figure 7H shows no significant difference in total cellular expression of a-NKA in WKY or SHR in response to Ang III infusion. serves as an established indicator of a-NKA retraction/ internalization wherein a reduction signifies retraction. 23 The subcellular distribution of pSer 23 -NKA is shown for representative confocal micrographs in Figure 8A through 8F, and the relative RPTC pSer 23 -NKA fluorescence intensities are shown in Figure 8G . RPTC autofluorescence, AP-2, and pSer 23 -NKA are shown in Figure 8A through 8C, respectively. Merged Figure 8D shows a reduction in RPTC pSer 23 -NKA in response to Ang III in WKY but not in SHR. This difference between WKY and SHR is more easily seen in Figure 8F , a high-power view of the area depicted in the respective box of Figure 8E . The response is quantified in Figure 8G , demonstrating that intracellular pSer 23 -NKA fluorescence is reduced by Ang III in WKY (P<0.001) but not in SHR (P=NS). Figure 8H shows that total renal cortical homogenate pSer 23 -NKA is reduced by Ang III in WKY (P<0.01), but not in SHR (P=NS). Figure 8I depicts the ratio of total cortical homogenate pSer 23 -NKA/a-NKA protein expression obtained by Western blot analysis and demonstrates a significant decrease in Ang III-infused WKY (P<0.01) compared with vehicle WKY kidneys, while there was no change in SHR.
Effects of Intrarenal

Discussion
The major new findings of this study are as follows: (1 SHR are an inbred strain of rats that develop hypertension at a relatively early age and are widely used as a model of human primary hypertension. 24 Young, prehypertensive SHR exhibit increased RPT Na + reabsorption, and normal Na + excretion is achieved only at the expense of elevated renal perfusion pressure. 14, 15, [25] [26] [27] [28] [29] Evidence for this pathophysiologic principle is provided by observations that transplantation of prehypertensive kidneys from SHR into WKY induces hypertension in WKY and that both humans with primary hypertension and SHR excrete less Na + and water than normotensive controls when renal perfusion pressure is lowered to normotensive levels. [30] [31] [32] In addition, the chronic relationship between arterial pressure and U Na V is shifted towards higher BP in SHR compared with WKY, reflecting the kidneys' adaptation to higher perfusion pressures. 33 Our previous studies demonstrated defective Ang IIIinduced natriuresis in 12-week-old hypertensive SHR that was accompanied by failure to translocate AT 2 Rs to the apical plasma membranes of RPTCs. 16 The present study extends this finding to 4-week-old prehypertensive SHR and importantly demonstrates for the first time Ang III-induced internalization and inactivation of major RPTC Na + transporters NHE-3 and NKA in WKY, but not in SHR. Activation of the renin-angiotensin system has been suggested as a major contributor to the excess Na + retention of young SHR. [34] [35] [36] [37] [38] Renal AT 2 Rs oppose the Na + -retaining actions of AT 1 Rs, 1, 2, 13 and we have previously documented defective Ang III/AT 2 Rmediated natriuresis in adult hypertensive SHR. 16 The current study further elucidates the mechanism of hypertension in SHR by demonstrating that the Ang III/AT 2 R defect is a characteristic of the SHR strain per se, independent of BP. Previous studies have shown that natriuresis mediated by AT 2 R activation in normal as well as Ang III-infused SpragueDawley rats is consistently accompanied by receptor recruitment to the apical plasma membranes of RPTCs. 16, 18, 39, 40 Our previous studies have shown that AT 2 R translocation occurs along microtubules via a cyclic AMP-and protein phosphatase 2A-dependent mechanism. 40 In the present study, while WKY displayed robust AT 2 R translocation, this was absent in young prehypertensive SHR. As demonstrated in WKY RPTCs, at least some AT 2 Rs are expressed on apical membranes at baseline, enabling initial agonist-receptor binding and natriuresis. Over time, AT 2 R recruitment is likely to reinforce/ sustain the biological response as AT 2 Rs fail to internalize, desensitize, and undergo degradation. 13 The presence of some AT 2 Rs on apical plasma membranes of SHR at baseline, but failure of RPTCs to translocate AT 2 R in response to Ang III, suggests a receptor and/or postreceptor signaling defect in SHR. This defect in SHR is not because of reduced renal AT 2 R expression, because we observed similar levels of AT 2 R in WKY and SHR in this study. The present study identifies the Na + transport mechanism by which Ang III/AT 2 R induces natriuresis in young WKY as internalization/inactivation of NHE-3 and NKA in the RPTC, and the absence thereof in SHR. Baseline NHE-3 expression in renal cortical homogenates was significantly higher in SHR than WKY, consistent with previous observations. 38 The internalization of NHE-3 from the microvilli to the subapical region of the proximal tubule demonstrated here in WKY is consistent with electron microscopy immunocytochemical localization of NHE-3 in response to AT 2 R activation in the Sprague-Dawley rat kidney. 18 The specific cell signaling mechanism mediating Na + transporter inactivation in WKY was not investigated in this study, but a leading candidate is the bradykinin-NO-cGMP pathway that mediates natriuretic responses to AT 2 R activation in Sprague-Dawley rat kidneys. 18 Other potential pathways include inhibition of NAD(P) H oxidase, which potentiates AT 2 R agonist-induced natriuresis in Sprague-Dawley rats. 41 Previous studies have demonstrated enhanced renal responses to AT 2 R activation in female as compared with male rodents. 42 However, the results of the current study are consistent with our previous observations 12, 18 demonstrating no significant difference between males and females in AT 2 Rmediated natriuretic responses in WKY and their absence in SHR. The reasons for these differences are unclear but may be related to differences in rat strain and/or the experimental model with intrarenal rather than systemic infusion, or differences in renal hemodynamic versus tubule responses to AT 2 R activation. We have previously demonstrated that intrarenal Ang III administration does not alter glomerular filtration rate and that intrarenal AT 2 R activation induces natriuresis by RPT and not by hemodynamic mechanisms. 12, 18 We conducted our Ang III measurements and AT 2 R and Na + transporter cellular trafficking studies in female rats because there may be greater AT 2 R expression in female rats. 43 We measured whole kidney tissue Ang II and III levels in WKY and SHR: baseline renal Ang III levels are normal in SHR compared with WKY and rise appropriately with Ang III infusion in SHR and WKY. The increase in renal Ang II during Ang III infusion may be because of, at least in part, product inhibition of aminopeptidase A, the enzyme responsible for cleaving Ang II to Ang III, but this will require further study. Nevertheless, Ang III infusion resulted in far greater increases in Ang III than Ang II in both WKY and SHR. The fact that renal Ang III levels increased in response to Ang III infusion similarly in WKY and SHR, but AT 2 R-mediated natriuresis only occurred in WKY, is consistent with our hypothesis that a receptor or postreceptor signaling defect rather than accelerated Ang III metabolism is the cause of impaired natriuresis in SHR.
The present study has limitations. Since the experiments were conducted under AT 1 R blockade, the physiological importance of AT 2 R-mediated natriuresis in WKY cannot be unambiguously discerned. Previous studies from our laboratory have demonstrated that AT 2 R activation induces natriuresis in the absence of AT 1 R blockade either when aminopeptidase N is blocked or exogenous nonpeptide AT 2 R agonist Compound 21 is administered. 12, 18, 39 In conclusion, SHR have defective renal Ang III/AT 2 R signaling manifested by absent AT 2 R translocation to RPTC apical plasma membranes and lack of internalization/inactivation of major RPTC Na + transporters NHE-3 and NKA. The resulting Ang III/AT 2 R natriuretic defect in SHR is present before hypertension becomes established and does not appear to be because of accelerated Ang III metabolism. These findings provide a potential mechanism for increased RPT Na + reabsorption and defective pressure-natriuresis in SHR.
